Wireless and satellite communications are a rapidly growing industries which are slated for explosive growth into emerging countries as well as countries with advanced economies.
transferservices. Other satellite systems which will provide similar services are Globalstar and ICO [6].
Second, an array of new services will become available to wireless users. In addition to voice telephony, future broadband wireless applications include video conferencing, real-time multimedia file transfer, remote access to corporate local area networks, high-speed Internet access, and interactive video [7, 8] .
These applications require substantially higher data transmission rates and larger bandwidths than current satellite or land-based wireless systems can offer. Third, an infrastructure which allows for seamless unification of the many diverse wireless systems must be developed [I,9] . Next-generation mobile phones and other wireless communication systems must be capable of adapting to and operating in systems with different standards, networks, and operating frequencies, thus making communications anytime,
anywhere a reality. The frustration of having a mobile phone which only operates in specific geographic areas is widely shared, and the advantages and conveniences of mobile phones which operate across different systems to provide seamless coverage throughout the world are obvious. One needs only to examine cases such as the growth of the Internet and use of personal computers to find evidence that public acceptance of new technologies is strongly correlated to how easy they are to use; systems which require a high level of user expertise rarely achieve market success, whereas technologies which are simple to operate and perform useful functions often experience explosive growth.
There is a close correlation between the mobile-to-satellite uplink frequency and the maximum data transmission rate of the system because the maximum data transmission rate is proportional to bandwidth, and large bandwidth channels are only available at high carrier frequencies.
Other factors which limit data transmission rates are the low transmit RF power levels of mobile terminals, and the need to use inexpensive components which are often plagued by relatively low quality factor (Q) values. These parameters are dictated by cost, weight, and size requirements. To achieve higher bandwidths and thus higher data transmission rates, higher uplink frequencies must be used. The development of tunable dielectric components will play a major role in the development of devices which make the aforementioned goals possible. Beam steerable antennas, tunable filters, and tunable local oscillators can be made using conventional technologies such as semiconductor, ferrite, or mechanical tuning, but are plagued by one or more of the following problems: limited performance at the frequency of interest, prohibitively high cost, or lack of compatibility with other components of the communications system. Some of the characteristics which make tunable dielectric materials attractive for wireless communications are reasonably high Q's at microwave and millimeter-wave frequencies, planar structures which make them compatible with microstrip and fin line configurations, low dc power consumption, high RF power-handling capabilities, and low manufacturing cost. These characteristics can be advantageous in a wide variety of devices. In this chapter, we outline the general system requirements which must be considered for next-generation wireless systems and explain where tunable dielectric components could improve overall system performance.
We then summarize the current status of tunable dielectric materials and correlate the microwave performance with materials properties and device configurations. Finally, the performance of specific prototype devices is presented.
II. General System Considerations
Next-generation wireless systems will require substantially higher data transmission rates than current systems provide, and rely more heavily on satellite communications to provide coverage to sparsely populated regions. Both of these trends attest to the need for commercial wireless systems with user-tosatellite links at substantially higher frequencies than are currently utilized. In order to achieve higher data transmission rates, larger bandwidths and more efficient use of the available bandwidth is necessary.
Since the frequency spectrum is already crowded at frequencies up to Ku-band (12) (13) (14) (15) (16) (17) (18) Table 2 . In order to transmit information, the signal-to-noise (S/N) and signal-to-interference (S/I) power levels of the transmitter-to-receiver link must be large enough to avoid excessive errors in the transmitted information.
For digital systems, a more appropriate figure of merit is the bit-error-rate (BER), Eb/N o, which is defined as the received information bit energy to noise energy density. The most probable sources of "noise" are background noise caused by precipitation, thermal noise created by the random motion of electrons, or the presence of interfering signals which arise from nearby wireless systems and intermodulation distortion. Although the maximum allowable bit energy rates for various systems depend on a number of factors such as the required accuracy of the transmitted information and complexity of modulation scheme (e.g., to achieve the same transmission accuracy, systems using higher QAM schemes require lower BER's than systems using less complex QAM schemes), the trend towards higher frequencies andlowerBERrequirements is unmistakable. Thus,novel hardware mustbedeveloped if thesegoalsaretobemetin acost-effective manner. An example whichillustrates thesimultaneous need for higherbandwidth andsmallerBER'sis videotransmission, whichrequires10 .6or lowerBERvalues.
Bycomparison, BERvalues ashighas10.2areacceptable for voicetelephony [12] .In addition to requiringlargerbandwidth, highercarrierfrequencies, andmorecomplex modulation schemes, nextgeneration applications will alsorequiresubstantially lowerBERvalues (e.g.,10-12) thanthosecurrently requiredformostvoiceapplications.
Achievinglow BERvalues at higherfrequencies andover larger bandwidths will require substantial hardware improvements. The situation is further complicated because simply increasing the bandwidth does not result in a proportionate increase in the transmission rate of a given channel, C, since the signalto-noise ratio decreases as the bandwidth becomes larger, as illustrated by [15] :
where C is the channel capacity (bits/second), B is the bandwidth (Hz), S is the power of the received signal, k is Boltzmann's constant, and T is the temperature. Equation (1) illustrates that at K-and Ka-band frequencies, large bandwidth systems will have to transmit at higher power levels than current cellular and PCS systems in order to compensate for the higher noise levels inherent in large bandwidth systems.
In addition, precipitation is a major source of attenuation at these frequencies, and utilizing higher RF power levels is one technique to overcome this attenuation. To appreciate the capabilities and potential of tunable devices based on tunable dielectric thin films, it is important to understand the competing technologies: semiconductors and ferrites. These technologies do not meet the requirements of low losses, low distortion, ease of integration into larger systems, and inexpensive manufacturing cost for several reasons. Schematic diagrams of a semiconductor p-n junction and ferrite toroid are shown in Figure 2 . Semiconductor varactors, while widely used for low frequency applications, sufferQdegradation due to series resistance losses. This degradation is proportional to frequency, and often limits the device performance at frequencies above approximately 2 GHz [22] [23] [24] . A Schottky barrier semiconductor varactor is comprised of a p-n junction, and the capacitance is controlled by varying the reverse bias voltage, which in turn controls the junction width and thus capacitance [25] .
To achieve high tunability, the p-n layers should be lightly doped so that the width of the depletion region is substantially altered with moderate changes in bias voltage. However, since the undepleted portion of the semiconductor layer also serves as one of the electrodes, lightly doped layers are resistive and are the source of excessive losses and Q degradation at microwave frequencies.
Another problem of semiconductor varactors is poor RF power-handling capability. Low capacitance varactors are achieved by decreasing the capacitor area, and Ka-band semiconductor varactors may have areas as small as 2.5×10 -7 cm 2. Bearing in mind that typical space charge depletion widths are typically 1-5 lam, the amount of RF power which can be transmitted through such a small volume without substantial signal distortion is limited to values less than one milliwatt. Although tradeoffs can be made in terms of capacitance, tunability, Q, and power-handling capability which enable semiconductor varactors to operate at frequencies above 500 GHz [26] , it is difficult to design a varactor which simultaneously meets the requirements for high Q, high power-handling capability, and low capacitance necessary for Ka-band applications. Closely related to varactor diodes, are PIN diodes. They have substantially higher power-handling capabilities than varactor diodes because the RF voltage is distributed across an insulating region which is much larger than the varactor space charge region [27] . However, PIN diodes are RF switching devices and thus incapable of analog tuning [28] . Since the primary objective of this chapter is to summarize the status of tunable dielectric materials for analog tuning applications, comparisons between devices which use tunable dielectric materials and PIN diodes as the control elements are usually not appropriate. In contrast to semiconductors, ferrite control devices are capable of transmitting substantially higher RF power levels and have low losses, particularly above 3 GHz [29] . However, ferrite tunable devices such as phase shifters and filters require expensive, cumbersome, and power-consuming tuning circuitry. For example, the tuning circuitry of a voltage-controlled oscillator with ferrite tuning may require on the order of 12 V and 50 mA to tune the circuit and maintain it at a constant temperature [30] . Since active devices such as semiconductor transistors typically operate at 1-5 V and less than one milliamp of current, ferrite tuning is the dominant source ofdc power consumption in these circuits. In addition, tunable ferrite devices, either in bulk or thin film form, are difficult to integrate with microstrip, stripline and finline circuits because of the nature of the tuning circuitry (e.g., an induction coil) required for their Correlation between the presence of the ferroelectric phase and high microwave losses was reinforced by subsequent measurements on piezoelectric crystals. Measurements taken at 0.5-2.0 GHz on a (Pb0.94Sro.06)(Zr0.53Ti0.47)O 3 (PSZT) ceramic showed a gradual drop in e r and sharp increase in tank with increasing frequency [34] . At 25°C and 2 GHz, e r and tan_5 were 800 and 0.42, respectively. By adjusting the composition to bring the Curie point below room temperature, dispersion in Er and tan_5 was largely suppressed. At 25°C and 2 GHz, e r and tan_5 for a (Pb0.35Sr0.65)TiO 3 ceramic were 1400 and 0.04, respectively. The conclusion was that the frequency dispersion in e r and high tank values of the PSZT sample were due to ferroelectric domain wall motion, and these types of losses are intrinsic to all piezoelectric materials.
Considerable effort has been expended to understand the dominant loss mechanisms in single-phase paraelectric ceramics. Rupprecht, Bell, and Silverman published a series of articles which documented the 22 GHz losses in bulk STO and BSTO (various Ba:Sr ratios) as a function of temperature [35] [36] [37] . The Cavitymeasurements at4.5and10.0GHzshowed nochange in e r or tuning from the 1 kHz data, and tan_5 at these frequencies was 0.007 and 0.012, respectively. In contrast to the simplicity of the processing technique, the microstructure/microwave property correlation of these materials appears to be complex, and unraveling this correlation may be a significant step towards optimizing paraelectric materials (thick as well as thin film) for microwave tuning applications. In addition to lowering the dielectric loss of tunable materials, decreased e r values minimize the metallization loss, which frequently is the dominant loss mechanism when high E r substrates are used in planar microwave devices [51, 52] . These materials are extremely promising for a variety of room-temperature distributed-element devices such as phase shifters and electronically controlled filters based on bulk and thick film tunable dielectric materials [53] [54] .
A. Thin Film Optimization for Microwave Tuning Applications
Because of the need for low capacitance and low loss for tunable microstrip, stripline, and fin line filters and phase shifters, there is substantial interest in thin film tunable dielectric materials. Thin film devices have configurations which are compatible with planar microwave circuits, and thus are preferred to bulk devices. Varactors fabricated using thin films can be designed to have capacitance values in the ranges required for microwave circuitry, with tuning dc voltage levels ranging from zero to several hundred volts.
B. Tunable Dielectric Films as Microwave Varactors
The advantages of using ferroelectric materials for tunable microwave components are well established [55] [56] [57] . Originally, only bulk or thick film ferroelectrics were used as the tuning elements because the quality of thin films achievable at the time was inadequate for microwave applications. In retrospect, it appears that the large grain boundary/grain volume ratio of polycrystalline thin films was a major impediment to high tunability in planar varactors, since grain boundary phases lack the crystalline quality required for high tunability. Recent improvements in deposition techniques have yielded thin films with epitaxial microstructures, resulting in much larger tunabilities than were previously reported. STO and BSTO films deposited at temperatures ranging from 600-800°C displayed substantially higher _r values andtunabilities atmicrowave frequencies [58] [59] [60] . Usinga structure whereintheferroelectric film was located attheRFvoltage maximumof theoddmodes of a two-port resonant structure, Gaitetal., [59] demonstrated thatlaser ablated STOfilmshavenodiscernable dispersion in dielectric constant, tuning,or tan_5 at6, 13,and20GHz.Themeasurements weretakenat77K.Thelackof frequency dependence on thedielectricproperties of thefilms wasattributed totheirepitaxial microstructure.
C. Parallel Plate STO and BSTO Varactors
Much of the initial work aimed at optimizing paraelectric thin films for tunable microwave devices was performed using parallel plate structures where the paraelectric film is sandwiched between two conductor layers. Parallel plate and planar varactor configurations are illustrated in Figure 3 . The parallel plate configuration enables capacitance, er' tanS, and tuning to be measured directly using simple capacitance techniques at low frequencies (i.e., 1 MHz) [61] [62] [63] [64] . From a device standpoint, this structure is advantageous because for thin (e.g., < 1 p.m) films, tuning is accomplished with dc voltage levels below 5 V, thus making the control bias levels compatible with the bias levels used in semiconductor logic devices. The tuning voltages required for parallel plate structures are much lower than the voltages required for planar structures because the separation between conducting layers is much smaller (i.e.
<1 Hm versus 5-20 gm for planar structures). Since tuning is a function of the dc electric field strength, and large electric fields can be generated with relatively small voltages in parallel plate structures, the required voltages are modest.
Measurements of parallel plate Au/STO/YBCO capacitors showed that highly epitaxial STO films provide substantial capacitance tuning ranges [61] . Subsequent data indicated the Curie temperature of STO and BSTO films was shifted to higher temperatures by increasing the dc bias [62, 64] , similar to the effect observed in bulk BSTO. The bias dependence on the Curie point was most pronounced in highly crystalline, high e r films which displayed the highest tunabilities. It was also established that tuning in thin films is suppressed by the presence of trace amounts of second phases [63] , and that STO films deposited on YBCO are susceptible to electrical shorting through the STO layer caused by the roughness of the underlying YBCO layer [65] . increases in e r, tunability, and tan& The K factors of the films are usually improved by the post-annealing step despite the higher tan_5 values.
It's apparent that the K factors of tunable dielectric varactors are highly dependent on the crystallinity, strain, and roughness of the films as well as film thickness and varactor geometry. Because the tunable dielectric films used for coplanar varactors are deposited directly on insulating substrates, more processing options are available to optimize film quality than for films deposited on normal metal layers such as Ag, Au, and Pt. Hence the microwave losses of planar varactors are much lower and the K-factors are higher than those of parallel plate varactors. While it's possible that advances in bottom layer metallization using conductive oxides may improve the performance of parallel plate varactors, problems such as minimizing the roughness and electrical resistance of the bottom electrode, and developing varactors with the low capacitance values required for microwave applications, must be overcome. 
IV. Hysteresis
A problem which is prevalent in both planar and parallel plate paraelectric devices is hysteresis. Tunable filters have tight center frequency, bandwidth, in-band insertion loss, and out-of-band rejection loss specifications. The inability to precisely control the varactor capacitance will result in unacceptably large deviations from the desired device performance.
Understanding the origins of hysteresis is the first step towards minimizing it. Ferroelectric films are inherently hysteretic [81, 82] , thus the presence of ferroelectric phases is to be avoided. The presence of hysteresis, together with large dielectric losses, are the primary reasons the compositions and processing conditions of tunable dielectric films are chosen so as to favor formation of paraelectric rather than ferroelectric phases. Film microstructure also appears to have an impact on hysteresis [63, 83] . For STO and BSTO films, substantial reduction in hysteresis has been obtained by choosing deposition conditions, substrate type, and post-anneal conditions so as to promote the formation of large-grained, highly epitaxial films. Another parameter which may influence hysteresis is the electrode/film interface. Since the work functions of the two films differ, and there is an abrupt termination of the tunable dielectric film, it's plausible that the interface would be a source of hysteresis [84] [85] [86] . The abruptness and likely impact of the interface is most pronounced when the electrodes are comprised of normal metals such as Au/Ti, as compared to lattice-matched conducting-oxide electrodes. Obviously, more work is needed to understand the different sources of hysteresis and the relative extent to which each source contributes to the overall hysteresis level. Higher RF power-handling capabilities in tunable dielectric devices are achieved at a cost, and this cost is the higher dc voltage levels required to tune the devices. It is well known that the RF voltage levels for semiconductor varactors must be substantially lower than the tuning voltages so as to avoid nonlinear behavior [27] , and this observation appears to be valid for tunable dielectric varactors as well [90] . A general trend which summarizes the relationship between IMD (as well as other nonlinear signal) levels and the dc voltage levels required to tune the device is given by:
vdc Tunable devices are intrinsically nonlinear and thus susceptible to the generation of IMD and harmonic signals. Applications which require large RF power levels to be transmitted through the tunable sections without signal distortion must be designed so the dc voltages required for tuning substantially exceed the RF voltage levels transmitted through the device. Although control circuitry which requires hundreds of volts for tuning is less attractive than a circuit which requires tens of volts, it's unlikely that both high RF power handling capability and low tuning voltages can be achieved in a single device. However, it is possible that the RF power handling capability of tunable electric devices can be tailored simply by adjusting the gap size.
The development of a two-tone test protocol to quantitatively establish the level of IMD in tunable dielectric varactors and initial IMD measurements on STO varactors has been reported [91, 92] . The test procedure consists of inserting the varactor into a resonant microstrip element, which, in turn, is capacitively coupled to the RF input and output lines. The test circuit is shown schematically in Figure 9 . 
VI. Applications
Tunable dielectric films provide a means of introducing tuning into microwave and millimeter-wave circuits which cannot be achieved using existing ferrite and semiconductor tuning technologies because of design issues, insufficient power-handling capabilities of the tuning elements, or poor Q values at the operating frequencies. Tunable dielectric varactors and devices will be used in applications with the following requirements: small circuit size and acceptable Q (>500) values at frequencies above 10 GHz, fast tuning, and moderate-to-high RF power handling capability. These properties are particularly attractive for large-bandwidth, Ka-band communication systems. Additional advantages are the low dc power levels required to tune the materials and the low fabrication cost, which opens the possibility for low-cost varactors and devices which can be used for applications such as miniaturized tunable local oscillators, electronically steerable phased-array antennas, and adaptive frequency response bandpass and bandreject filters. In this section, we outline the design considerations used for various devices, and review the performance of tunable proof-of-concept devices designed to support large bandwidth applications at Ku-band and higher frequencies. 
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A. Filters
Bandpass and bandreject filters are used in the receiver front end to ensure that only signals in the desired frequency range enter the receiver. Because the performance of miniaturized microwave and millimeterwave devices is extremely sensitive to minor deviations in parameters such as linewidth and substrate thickness, it is difficult to manufacture filters within the prescribed frequency specifications. Thus, some degree of tuning is generally required. The base station transmit filtering requirements for cellular and PCS applications are currently satisfied using air or dielectric-filled cavity filters. In these filters, frequency tuning is achieved by mechanically screwing a metal or dielectric material into or out of the cavity, which perturbs the electromagnetic fields in the cavity and brings the resonant frequency into the desired range [93] . Although it is fairly simple to tune a single resonator by mechanical means, tuning an entire filter is considerably more difficult because one resonant element will perturb the fields in the other resonant elements. An additional complication is the possibility of frequency drifting caused by detuning of the resonators or filters. The expense and reliability concerns surrounding mechanically tuned filters could be surmounted by using electronically tuned filters. Electronic tuning has the potential to be a much quicker tuning method, and would enable filters and resonators to be adaptively tuned from remote locations. The disadvantage of electronic tuning is that a portion of the electromagnetic field must propagate through the tuning element; because the Q of the tuning element is generally lower than that of the nontunable portion of the resonator, the overall resonator Q is lowered, thus degrading filter performance. Various techniques have been developed to couple the capacitance of the tuning elements to that of cavity and microstrip resonators [94] [95] [96] [97] .
Planar filters comprised of microstrip, stripline, or finline filters on insulating substrates offer a low-cost means of providing filtering, but are difficult to fabricate to the required frequency and bandwidth specifications. Low-cost, small-size filters are preferably fabricated on polycrystalline, high er substrates and it is extremely difficult to manufacture filters within precise frequency tolerances because the metallization linewidths are smaller than the linewidths of lower I_r substrates, and small deviations in substrate thickness and surface roughness cause unacceptably large deviations in the frequency response.
In orderto makesmall-size filterscommercially viable,a low-cost means of implementing electronic tuningto bringthefilterswithinspecifications mustbedeveloped. Forplanar microstrip filterswithonehalfwavelength longresonant elements, tuningisaccomplished by addingtunable capacitors tooneof theopencircuitedendsof theresonant element, wheretheamplitude of theRFelectricfieldis ator close toa maximum. Thetunablecapacitor increases theelectrical energy storedin theresonant element, thus effectivelylengthening theresonator anddecreasing its resonant frequency. Frequency tuningof the resonator is proportional to thecapacitance tuningof thevaractor, andthefrequency tuningrangeis proportional tothefractionof RFenergy storedin thevaractor relative to theenergy storedin the nontunable portionof theresonator [60] .Forapplications whereonlymodest tuningis desired, suchas thoserequired to bringfilterswithinspecifications, smallcapacitance varactors (typicallylessthan0.5pF
for applications above2 GHz)arerequired.
A moreambitious useof filter tuningisto adaptively correctforDoppler shiftedfrequencies in LEO satellitecommunication systems. Sincethesatellite is movingrelativetotheearthstation, thereceived frequencies will beshiftedrelativeto thetransmitted frequencies. Forexample, atKa-band frequencies,
NASAestimates thatfor space platforms requiring155Mbpsdataratesand64MHz bandwidths (e.g.
DirectDataDistribution project)Doppler effectinducedfrequency shiftsof +500 kHz are expected [98] .
One option for alleviating this problem is simply to make the bandwidth of the filter sufficiently large that the Doppler shifted signal is transmitted into the receiver. However, this is an inefficient means of utilizing the frequency spectrum, and as the number of satellite systems vying for available spectrum increases, it will become necessary to implement technologies which reduce co-channel interference and make optimal use of the available frequency spectrum. Adaptive tuning is an attractive method to help reach these goals.
A proof-of-concept, tunable two-pole bandpass filter was recently demonstrated at NASA-Lewis [99, 100] . The microstrip filter was comprised of a YBCO/STO film on LAO substrate, with the YBCO patterned as shown in Figure 1I . At 77K, The filter displayed a 4% bandwidth, non de-embedded
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= /c, -.... Although it is beyond the scope of this chapter to provide a detailed description of phased array antenna and phase shifter design, some background is needed to understand the rationale for proposing tunable dielectric materials for these devices. More detailed information regarding phased array antenna and phase shifter design is available [19, 27, 29, [102] [103] [104] . 
where s is the distance between radiating elements. The scan angle, 00, is assumed to be relative to broadside (i.e. normal to the plane of radiating elements). Equation 4 illustrates that electronically altering the phase difference between radiating elements enables the direction of the antenna beam to be steered. The key characteristics sought in phase shifters for phased array antennas are:
• Low insertion loss. Less than 3 dB insertion loss for 360 degrees of phase shift is generally tolerated, and lower insertion loss values are highly desirable.
• Time delay operation. Ideally, phase shift is independent of frequency over a wide bandwidth.
This criteria is met for digital switched line phase shifters, where an ideal switch is used to route • Driveranddrivepower.Thecomplexity andpowerrequirements ofthecircuitryusedtocontrol thephase will havea largeimpact ontheapplicabilityof thephase shiftertechnology for agiven application. Forexample, dual modeferritephase shifterscaneasilymeet theperformance requirements for Ka-bandphase shifters, butthecostandtuningpowerrequirements makeferrite technologies anunlikelychoice for low-cost, low-power wireless applications.
• RFpowerhandling capability. Figure 15 , and the experimentally observed phase shift at cryogenic [105] , and room temperatures [106] are shown in Figures 16 and 17 , respectively. Improved film processing techniques and tuning configurations are currently being explored to reduce the insertion losses in Ka-band cryogenic and ambient-temperature 360 degree phase shifters. Key issues to resolve are the interplay between film e r and metallization losses, and evaluation of which device configurations (i.e. microstrip, suspended stripline, or finline) provide optimal performance at Ka-band. In addition to device design, there are basic materials barriers which must be overcome before this technology will be used outside the laboratory. Capacitive hysteresis is extremely detrimental to phase shifters because phased array antennas require precise correlation between tuning voltage and phase shift so as to avoid beam degradation. interfere at the input port. A large advantage of this type of circuit is its effectiveness in minimizing reflection losses. Since losses due to signal reflection are a major source of microwave loss in most planar circuits (due to impedance mismatch resulting from the varying e r of the tunable dielectric film), the fact that the shunt-loaded transmission structure minimizes this problem makes it a very promising for a wide variety of phased array antenna applications. To achieve 360 degrees of phase shift, several sections such as shown in figure 18 would need to be cascaded. In practice, phased array antennas with 10-20% bandwidths are generally designed so that each section provides less than 30 degrees of phase shift [27], thus the results shown above demonstrate the potential for developing low-cost phase shifters using tunable dielectric materials.
We believe that low-cost, electronically controlled phased array are more likely to be realized with optimized tunable dielectric devices than existing semiconductor technology. To obtain the necessary signal control across the breadth of the antenna will require delays of considerably greater than 360degrees. As already discussed in thischapter, tunabledielectricphase shifters capable of phase shifts above 360 degrees have already been demonstrated, thus rendering support to the concept of phased arrays implementation based solely on tunable dielectric technology. However, it is also possible that a hybrid concept, comprised of some combination of semiconductor and tunable dielectric devices, could result in low-cost phased array antennas. How to integrate these two technologies for use in control devices in a cost-effective manner is a question requires require further consideration.
VII. Conclusions
There are a number of microwave applications where tunable dielectric devices could play a key role in improving system performance, or perhaps provide the key technology which enables a system to be deployed. We anticipate that the most promising applications are in broadband wireless communications systems where the user-to-satellite and user-to-base station links must be at Ka-band so as to support high data rate transmission applications.
Traditional tuning methods have not demonstrated that they are capable of meeting the performance and cost requirements for these applications, whereas prototype tunable dielectric devices have shown considerable promise. Although, there are still a number of materials and device issues which must be resolved before serious commercialization of tunable dielectric devices will take place, the foreseen impact of this technology is extraordinary.
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Figurel.--Pictorial overview oftheIridiumSystem. Notethatuser-to-satellite linkisatL-band. Reprinted by permission ofJohn Wiley& Sons, lnc)-'. Figure18.--Schematic of transmission-mode, !.9GHzphase shifter. Tuning isaccomplished byvarying the capacitance oftunable dielectric varactors located intheshunt arms.
